We describe a scanning fluorescence lifetime imaging (SFLIM) system that provides a large field of view (LFOV), using a femtosecond (fs) pulsed laser, for multi-mode optical imaging of small animals. Fluorescence lifetime imaging (FLIM) can be a useful optical method to distinguish between fluorophores inside small animals. However, difficulty arises when LFOV is required in FLIM using a fs pulsed laser for the excitation of the fluorophores at low wavelengths (<500nm), primarily because the field of view of the pulsed blue excitation light generated from the second harmonic of the fs pulsed light is limited to about a centimeter in diameter due to the severe scattering and absorption of the light inside tissues. Here, we choose a scanning method in order to acquire a FLIM image with LFOV as one alternative. In the SFLIM system, we used a conventional cooled CCD camera coupled to an ultra-fast time-gated intensifier, a tunable femtosecond laser for the excitation of fluorophores, and an x-y moving stage for scanning. Images acquired through scanning were combined into a single image and then this reconstructed image was compared with images obtained by spectral imaging. The resulting SFLIM system is promising as an alternative method for the FLIM imaging of small animals, containing fluorophores exited by blue light, for LFOV applications such as whole animal imaging.
INTRODUCTION
Small animal imaging has recently emerged as a preclinical imaging tool to perform advanced research more efficiently than ever before. Currently, it allows us to reduce the R&D costs for the development of novel diagnostic and therapeutics as well as provides better understanding about many diseases' pathways and biological processes in medical and pharmaceutical research. In real, many non-invasive technologies are commercially available for small animal imaging such as Ultrasound, CT, MRI, PET, SPECT and optical imaging. In particular, the optical imaging has several advantages compared to the other modalities since it can offer simultaneous monitoring of multiple targets or molecular pathway, and are relatively cheaper, simpler and less harmful in various research [1] [2] [3] [4] [5] .
In the optical imaging, the whole body imaging techniques with fluorescence and luminescence have been utilized for investigating tumor progression and metastasis 6 -14 , gene expression 15, 16 , and other cell tracking in intact animals 14, 17 because they are highly sensitive to detect light-emitting molecules in heterogeneous mediums. Recently, in the various fluorescence imaging techniques, fluorescence molecular tomography can provides various information the anatomical localization of the target molecules 18, 19 . Also, spectral imaging can allows us to distinguish the molecules targeted with various fluorosphores in strong autofluorescences emitted by heterogeneous tissues [20] [21] [22] [23] [24] [25] .
In particular, the fluorescence life time imaging (FLIM) can be used as a very useful tool for localizing diseased tissues targeted by fluorophores and identifying their functional status around the fluorophores since the fluorescence lifetime can be changed by the environment of the fluorophores such as extracellular, pH distribution, blood flow, tissue oxygen, and temperature [26] [27] [28] [29] [30] [31] [32] [33] .
In our previous work, a multi-mode optical imaging system, including a bioluminescence, a fluorescence intensity, a fluorescence lifetime, and a spectral imaging mode, has been developed for a small animal imaging 34 . In that multimode optical imaging system, FLIM could provide information about the functional status of the target tissue as well as be used for simultaneously localizing and quantifying various molecular and metabolic processes in living organisms. However, when fluorophores, excited by non-nearinfrared light, such as fluorescein, quantum dots, doxorubicin 35 , corroles 36 and GFP, are used for targeting specifically the diseased molecules of interest in small animal imaging, the severe scattering and absorption of the light in tissues impede the detection of them deep inside the animal. In particular, in FLIM using fs pulsed laser, the beam size of the fs pulsed light, generated from the second harmonic of fs nearinfrared pulsed light in a barium-borate (BBO) crystal, for the excitation of the fluorophores is usually limited to a few centimeters because the power (~10mW at 437.5nm) is not strong enough to excite the fluorophores distributed deeply in the small animal when the beam size becomes wider. Moreover, the limitation may give some difficulties to colocalization with the images obtained by other modes in multi-mode optical imaging. Therefore, in this paper, we describe a scanning fluorescence lifetime imaging (SFLIM) with a fs pulsed laser for LFOV in a multimode optical imaging system. Also, the concentration dependency of SFLIM will be evaluated with various molecules such as corroles, doxorubicin, and fluorescein as well as the images obtained by SFLIM of a mouse will be compared with other images obtained by a spectral imaging for evaluating the usefulness in a multi-mode optical imaging.
MATERIALS AND METHODS

Multi-mode optical imaging system
The multimode system we developed includes various optical imaging modes such as bioluminescence, standard fluorescence, spectral, fluorescence lifetime, and 3D imaging options. Switchable (and computer-controllable) nonoptical and optical components are used inside a light-tight enclosure for each imaging mode. The non-optical components include a home-built anesthesia system gateable for imaging, moving stages and heating pads. Various lasers for excitation of molecules of interest -a tunable femtosecond laser (MaiTai, SpectraPhysics), a picosecond laser (Tsunami, SpectraPhysics), and various CW lasers (He-Cd, He-Ne, Argon-Krypton, Deep-blue 405nm) can be delivered into the system by using beam steering system. Spectral selection for spectral imaging is performed via an electro-optical AOTF module, and an all-electronic time-gated image intensifier (LaVision PicoStar) is used for fluorescence lifetime measurements. Images are recorded on a cooled CCD. Each component can be replaced flexibly depending on the imaging modes 34 .
Scanning Fluorescence lifetime imaging system (SFLIM)
In this SFLIM, fs pulsed laser light tuned to 437.5 nm, a repetition rate of 80MHz and 10mW, which generated by the second harmonic of fs tunable pulsed laser with 875nm (Mai-Tai Ti-Sapphire laser, Spectra-Physics) in BBO crystal, was used for the excitation of the molecules such as corrole, doxorubicin, and fluorescein inside a specimen. An ultrafast time-gated camera (LaVision, PicoStar HR) was utilized for fluorescence lifetime imaging. Figure2 shows the schematic of the SFLIM set-up. The fs pulsed laser can be delivered through a small opening in the black box. And then, the light passes through two mirrors and a diffuser in order to excite a specimen. The beam size of the light is controlled by distance between a specimen and the diffuser which has a 20 degree divergence. The fluorescence light from a specimen is collected by the macrolens (Schneider, Xenon 0.95) through a long pass filter (>500nm) and delivered onto the CCD connected with time gated intensifier (TGI). The CCD and time gated intensifier are synchronized with the pulsed light via a delay unit which connects with the external trigger.
The scanning for LFOV is performed sequentially after each image acquisition by x-y translational motorized moving stage under the control of the program which has been developed using National Instrument CVI. It can control scanning width, height, and step size. Also, the program can be connected with a Joystick program which allows us to control the motorized stage and scanning at different locations through TCP/IP connection. Figure 1 shows the SFLIM system.
Spectral imaging and analysis
We have utilized a spectal imaging mode in multi-mode optical imaging system for the evaluation of the images obtained by SFLIM. A 405nm laser (20mW) (Coherent) have been used to excite the corroles injected into a nude mouse with implanted breast tumors. The emitted fluorescence from the mouse was collected through a C-mount lens (Schneider
EI -a Il
Liii Optics) and a long-pass filter (>500nm). The light was delivered onto a high sensitivity, low noise CCD camera cooled to -70 0 C (Princeton Instruments, PIXIS 400) for imaging through an AOTF (ChromoDynamics, Inc.) which was used for spectral imaging of the mice in the experiment 34 .
In addition, we used a spectral classification method in order to discriminate between the fluorescence emitted from corroles and autofluorescence from the mouse. A total of 17 images were recorded within the spectral range of 550nm to 710nm with a step size 10nm and a bandwidth, 8nm. After the interested area of the images was cropped, the images were analyzed using spectral classification algorithms based on a least mean square error method 39 .
Preparations of materials and a mouse
10µM, 100µM, 500µM and 1mM corrole(excitation: 420nm, emission: 620nm) 36 , doxorubicin(excitation: 470nm, emission: 550nm) 35 , and fluorescein(excitation: 494nm, emission: 520nm) solutions diluted with phosphate buffered saline (PBS) solution (PH 7.4) were prepared in order to evaluate the dependency of SFLIM on the concentration of fluorophores. The prepared solutions were saved in eppendorf tubes to image, respectively. Also, we utilized the mixtures of 10µM corrole and 10µM doxorubicin solution with 1:1 ratio for testing the capabilities of SFLIM for discriminating between different choromophores.
A nude mouse with implanted breast tumors was used for in vivo experiment of SFLIM. For the experiment, the mouse was anesthetized by a mix of oxygen and isoflurane for preventing it from movement. The air pressure was 2.5 psi and the concentration of isofluorane was 1.5%.
Motor control program (Server)
Femto-second laser Fig. 1 . SFLIM using fs pulsed laser: fs pulsed light (437.5nm) was used for the excitation of the molecules of interest. The light was generated by the second harmonic of 875nm fs laser in BBO crystal following a Faraday rotator and a retarder. It is delivered onto a specimen through the small opening on the light-tight enclosure and via a built-in diffuser. A specimen was scanned by x-y translation motorized stage controlled by the developed program. Fluorescence life time imaging was done by an ultra-fast time gated camera. The camera was synchronized with the laser light by an external trigger and a delay unit. The image acquisition was performed by using a FLIM control program which is connected with the actuation motor control program through a TCP/IP internet connection.
RESULTS
SFLIM dependency on the concentration of fluorophores
We evaluated the dependency of SFLIM on the concentration of fluorophores. In this experiment, 10µM, 100µM, 500µM and 1mM corrole and doxorubicin(PH 7.4) saved in Eppendorf tubes have been imaged by SFLIM for the evaluation. Figure 2 .A shows the life time of corrole solutions with different concentrations. In the figure, the fluorescence lifetime of the corrole solutions is almost identical as approximately 2.5ns. Also, Figure 2 .B displays that the fluorescence lifetime of doxorubicin solutions is approximately 1ns.
In addition, we discriminated two fluorophores in the mixture of 10µM corrole and 10µM doxorubicin with 1:1 ratio using SFLIM. Figure 2 .C shows the color-coded fluorescence lifetime images of the mixture. The fluorescence lifetime image of the mixture solution has been classified into the lifetime of doxorubicin and corrole solution by the threshold method using histogram 37 , respectively. The fluorescence lifetime range of doxorubicin within a dotted circle is mainly from 900ps to 1550ps. On the other hand, the range of corroles within a solid line circle is from 2075ps to 2675ps (figure 2.F). Figure 2 .E displays the classified lifetime image by threshold at 1825ps, the approximately middle value between the highest value from doxorubicin and lowest value from corrole 37 .
Ex vivo study of SFLIM system
In order to evaluate the feasibility of the SFLIM, ex vivo study of the SFLIM has been performed with 1mM fluorescein solution diluted by PBS (PH: 7.4). For the evaluation, after a word, MISTI, was written on a white paper with the fluorescein, the area of interest of the paper was scanned by SFLIM system (2cmx3cm,). For the excitation of the fluorescein on the paper, fs pulsed laser light with 437.5nm with a beam diameter of 1.8cm, generated through the same setup mentioned previously, has been used. Also, 500nm longpass filter rejects the excitation light from emission light in front of the TGI CCD camera. A total of 6 FLIM images were obtained by SLIM. The colors in the images map the fluorescence lifetime. And then, the images were combined into a single image with larger FOV, and 2x2 Gausian filtering was applied into the image in order to reduce the high frequency on the boundary of the tiling images using ImageJ. Figure 3 shows the tiling images and the combined image with a size of 2.7x3.8cm. In the figure, the life time of fluorescein displays values from 3.5ns to 4.5ns.
In vivo SFLIM of a small animal
SFLIM of a mouse has been performed after injecting 100µM and 500µM corroles into around the region of the tumor implanted on the back of the mouse and non-tumor region at the middle of the back, respectively. In the SLIM, fs pulsed laser light with 437.5nm with a beam diameter of 3cm has been used for the excitation of the corroles injected into mouse and 500nm longpass filter was used for the rejection of the excitation light from the emitted light from the mouse. figure 4 .B, the image with larger FOV (approximately 4.5cm x 6cm) has been combined with FLIM images obtained from each scan. Also, 2x2 Gaussian filtering has been applied in order to reject high frequencies generated on the boundary of the tiling images (figure 4.C). Finally, figure 4 .E shows the image generated through AND product of the Gausian filtered FLIM and the mask image. Moreover, the contrast of the combined image has been adjusted (figure 4.G). In the figures, the fluorescence lifetime of corrole displays 2.5~2.8ns, and that of autofluorescence over 3.5ns.
In vivo spectral imaging of the small animal
In order to evaluate the results obtained by SFLIM, spectral imaging and analysis has been performed with the same mouse. In the spectral imaging, a total of 18 images were obtained with a spectral range from 550nm to 710nm with a step size, 10nm and a bandwidth, 8nm. 405nm laser light has been used for the excitation of the corroles. Figure 5 .C shows the spectral classification image calculated by using the developed program 38, 39 . In the images, tumor regions and the middle of the back is classified into the corroles fluorescence from autofluorescence. Figure 5 .B displays each spectra profile of fluoresecence of corrole and autofluorecsecnes from selected regions. In the profiles, the emission peak wavelength of corrole fluorescence is approximately 620nm. In figure 5 .A, the intensity of the fluoresceonce from the regions, which corroles was injected into, shows a peak in the image at 620nm. On the other hand, the fluorescence intensity from the regions classified as another autofluorescence is highest at 550nm, and it decreases along the wavelengths.
Comparisons between the images obtained through spectral imaging and SLIM of the small animal
When the results obtained by between SFLIM and spectral imaging were compared, the regions classified as fluorescence lifetimes of corrole are almost identified with the regions classified by spectral imaging and analysis like the figure 4 and 5. However, the regions classified as the autofluorescence from an organ in a spectral imaging are not discriminated differently in the SFLIM image.
DISCUSSION AND CONCLUSIONS
This study has validated the usefulness and feasibility of SFLIM in a small animal imaging, requiring LFOV. From the results about the SFLIM dependency on the concentration of fluorophores, the fluorescence lifetime of corrole and doxorubicin dose not depend on the concentration of the molecules as shown in figure 2 .A.B. Here, we can see that SFLIM does not depend on the concentration of a doxorubicin and a corrole. 40, 41 . Also, two different flourephores could be discriminated through the SFLIM in figure 2.E. The fluorescence lifetime histogram in figure 2.D shows that the lifetime ranges from 1550 to 2075ps is not included in the fluorescence lifetime ranges of corrole and doxorubin. However, the pixels of the lifetimes with below 1825ps of the ranges have been classified into the lifetime of doxorubicin. Otherwise the pixels with over 1825ps have been classified into the lifetime of corroles 37 .
Also, in the ex vivo study of SFLIM with 1mM fluorescein, we could see that the lifetimes of fluorescein in the constructed image have a little difference along the locations on the paper. It might be caused by the environmental changes such as PH and the existing possibility of undissolved fluorescein after the evaporation of the solution diluting fluorescein as shown in the experiment about the SFLIM dependency.
In addition, we have evaluated the SFLIM capabilities of in vivo small animal imaging. In the images obtained by the SFLIM, we could discriminate corroles from autofluorescence of the mouse, and were able to confirm the usefulness of this method through a spectral imaging and analysis. The fluorescence lifetime regions of a corrole in figure 5 .E are localized with similar positions in the regions classified by the spectral imaging and analysis (figure 6.C). Moreover, the lifetime regions in the constrast adjusted image are localized at almost same positions with those by spectral imaging. Here, we can infer that although the spectra profiles of the autofluorescence of it are different from those of the autofluoresence of other regions, the lifetimes of them are almost identical. In this case, the areas can not be discriminated by FLIM itself, thus both imaging modes could be sometimes necessary for discriminating various fluorophores.
In this study, a scanning fluorescence lifetime imaging (SFLIM) using a fs pulsed laser for larger FOV promises to be a powerful tool for localizing diseased molecules targeted by fluorophores and identifying functional status in a multimode optical imaging system. Also, the concentration dependency of SFLIM has been evaluated with various molecules as well as the usefulness has been evaluated by a spectral imaging. Furthermore, the combination of the SFLIM and a spectral imaging can be very useful for discriminating various molecules. However, the total image acquisition time of SFLIM somewhat was relatively long as 4.8 minutes for LFOV with the size (approximately 4.5cmx6cm). During the scanning time, the small movement of a mouse can cause the distortion of the combined image. Thus, in SFLIM, deep anesthesia and the strong fixation of a mouse is required for preventing the movement of the mouse for preventing it from movement. Also, it takes 5 minutes to switch into a spectral imaging mode. Thus, as a future work, it is necessary to increase the scanning speed and to develop the high speed mode switching optical system. After the letter was written on a white paper with 1mM fluorescein solution (PH: 7.4), the area (2x3cm) of interest in the paper has been scanned by SFLIM with a step size, 1cm. (B) an image reconstructed from 6 images obtained by SFLIM. After the 6 images were cropped appropriately, the cropped tiles were reconstructed into a single image using ImageJ. Finally, the reconstructed image was lowpass-filtered to reduce high frequency at the boundary of tiled images. 
